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Inhibiting Dendrites by Uniformizing Microstructure of
Superionic Lithium Argyrodites for All-Solid-State Lithium

Metal Batteries
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Yingjie Gao, Jing Luo, Xiaoting Lin, Jiangping Tu,* and Xueliang Sun*

The all-solid-state lithium metal battery is considered the next-generation
energy storage device with the potential to double the energy density of
state-of-the-art Li-ion batteries and eliminate safety hazards. Achieving stable
Li plating/stripping without dendrite propagation within the solid electrolyte
is crucial for delivering the promised high energy density. In this study,
through the comparison of various synthesis routes, a novel cube-shaped
microstructure in the Li; ;PS, ;CIBr, ; argyrodite electrolyte, synthesized using
the high-speed mechanical milling followed by annealing method
(BMAN-LPSCB) is identified. The uniform microstructure allows for the
production of an electrolyte pellet with significantly reduced porosity through
cold pressing. The removal of defects has significantly enhanced the
electrolyte’s ability to inhibit dendrite formation, with a critical current density
reaching 3.8 mA cm~2. The lithium symmetric cell with BMAN-LPSCB
electrolyte exhibits stable Li plating/stripping for over 150 h at a high current
density and cutoff capacity of 3 mA cm=2 [ 3 mAh cm~2. The all-solid-state
Li/NCM battery utilizing the BMAN-LPSCB electrolyte also demonstrates
excellent durability, with a capacity retention of 96% over 1000 cycles at a 1C
rate. This study emphasizes that the microstructure of the sulfide electrolyte
is a critical factor influencing mechanically-driven Li dendrite propagation in
all-solid-state batteries.

1. Introduction

utilizing a Li metal anode and a lay-
ered oxide or conversion cathode with
the potential to double the energy den-
sity of current commercial Li-ion bat-
teries (LIBs).'l Eliminating flammable
liquid electrolytes can also intrinsically
address the safety concerns associated
with LIBs.?l As the most fundamen-
tal component of ASSLMBSs, solid elec-
trolyte (SE) materials have undergone
intensive study in the past decade, re-
sulting in the discovery of numerous
families with high ionic conductivity, in-
cluding oxides,’! sulfides,*! halides,’
nitrides,l®! and organic SEs.”] The ex-
ceptional ionic conductivity that is com-
parable to liquid electrolytes, and the
good processability of sulfide SE have
distinguished it as the most promising
type of SE.**#l Specifically, lithium ar-
gyrodites Li;PS;X (X = Cl, By, I) have
emerged as a popular family of sulfide
SE due to their highly ionic conductiv-
ity (> 10 mS cm™!), cost-effectiveness,
and relative stability to lithium metal.l’]

The origin of Li argyrodites dates
back to 2008 when Deiseroth et al.

All-solid-state lithium metal batteries (ASSLMBs) are antici-
pated to be the most promising next-generation battery system,

synthesized Li;PS;Cl with an ionic conductivity exceeding
1073 S cm~L.['% Subsequently, numerous efforts have been ded-
icated to optimizing the composition or synthesis process of Li
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argyrodites, resulting in the development of argyrodites
with ionic conductivities comparable to or even higher than
that of liquid electrolytes. Examples include Lic.PS,.Cl
(9.4 mS cm™1),11 1i . PS, ,Cl; , (17 mS cm™),1"] Lic ,PS, ;Br, ,
(11 mS em™), and Lis ,PS, ;ClBr,, (24 mS cm™")." The re-
markable ionic conductivities of these argyrodites are attributed
to the increased halide/sulfide disorder in the lattice forced
by excess halide content, which significantly promotes Li-ion
diffusion.!"! Various solid-phase synthesis methods are proven
effective in the synthesis of Li argyrodites, including solid-state
sintering,['®l mechanical milling,'”] and mechanical milling
followed by annealing.['®] However, previous comparisons be-
tween different synthesis routes primarily aimed for higher ionic
conductivity. For instance, Zhang et al. found that the Li;PS;X
electrolytes synthesized by solid-state sintering exhibited much
higher Li* conductivities than those obtained by mechanical
milling. "] The impact of synthesis routes on other important
features of Li argyrodites such as microstructure morphology
and electrochemical performance remains unclear.

Moreover, it is paramount to employ a Li metal anode to fulfill
the high energy density of ASSLMBs as promised.!?’! In compari-
son to Li;,GeP,S,,, which undergoes continuous decomposition
upon contact with Li metal,[?!) Li argyrodites exhibit a metastable
interface with lithium; however, short circuits are still unavoid-
able in Li symmetric cells.?2] While the majority of the previous
efforts sought to improve the ion transport and electrochemical
stability of sulfide SEs,!?}] the most common failure in ASSLMBs
is driven by mechanical factors.[>*] Most theoretical treatments
of Li-induced failure depict lithium dendrites propagating from
the Li-SE interface toward the bulk of the SE.[?) However, re-
cent studies have demonstrated that the initiation of Li deposi-
tion occurs in subsurface pores inside the SE due to electronic
conductivity.?®] Further deposition of Li in the already occupied
defects will build up pressure that leads to electrolyte fracture,
which will ultimately result in battery shorting.[”} Thus, reduc-
ing pore size and minimizing the population of pores in SEs will
enhance the critical current for dendrite initiation.

In this study, we investigated and compared the crystal struc-
ture, conductivity, microstructure morphology, and electrochem-
ical performance of the Li argyrodite electrolyte Lis ;PS, ;CIBr,,
(LPSCB) synthesized via three different routes (solid-state sin-
tering, mechanical milling, and mechanical milling followed by
annealing). The LPSCB synthesized using mechanical milling
followed by the annealing method (BMAN-LPSCB) exhibits the
highest ionic conductivity and the most uniform microstruc-
ture morphology. Cross-sectional scanning electron microscope
(SEM) and synchrotron X-ray computed tomography (XCT) re-
vealed that this uniform microstructure morphology can signif-
icantly reduce the number of pores in the cold-pressed pellet,
which effectively inhibits Li dendrites initiation. The BMAN-
LPSCB achieves an outstanding critical current density (CCD)
of 3.8 mA cm™ along with excellent long cycling life in
ASSLMB (capacity retention of 96% after 1000 cycles at a 1C
rate).

2. Results and Discussion

Figure 1a illustrates the three synthesis routes employed in this
study to synthesize various types of Lis,PS,,ClBr,, (LPSCB)
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argyrodite electrolytes. For the LPSCB synthesized by solid-state
sintering (referred to as SS-LPSCB), the starting materials were
first mixed by hand in a mortar. Then the mixture underwent
vacuum sintering to produce the crystallized product. The ball-
milled LPSCB (referred to as BM-LPSCB) was synthesized by
mechanically ball-milling the starting materials at a high speed
of 750 rpm. The LPSCB synthesized by mechanical milling fol-
lowed by annealing (referred to as BMAN-LPSCB) were prepared
through the subsequent annealing of the BM-LPSCB. The phase
and structure of the solid electrolytes were first verified through
laboratory XRD and Raman spectroscopy (Figure S1, Support-
ing Information). All three electrolytes exclusively display peaks
associated with the cubic phase of argyrodite, with no trace of
impurities detected, while the hand-mixed electrolyte before sin-
tering demonstrates obvious peaks belonging to starting mate-
rials (Figure Sla, Supporting Information). Although the XRD
patterns of SS-LPSCB and BMAN-LPSCB are identical, those of
BM-LPSCB exhibit weaker and broader peaks, indicating that the
crystallinity is relatively low.'"”>?8] Unlike XRD results, all elec-
trolytes exhibit the same characteristic in Raman spectra, with the
main peak near 425 cm™! that can be assigned to PS,* tetrahe-
dra. This result further confirms that the pure argyrodite phase
has been successfully synthesized despite the routes being dif-
ferent. Synchrotron-based XRD was conducted on all samples to
gain a more detailed insight into the crystallographic information
of the synthesized electrolytes. Synchrotron-XRD patterns along
with their corresponding Rietveld refinement fitting results are
shown in Figure 1b—d. Low values of the weighted residual (R,,,)
from the least-squares refinement indicate that the fitting results
are convincing for all three electrolytes. As shown in Figure 1b,d,
both SS-LPSCB and BMAN-LPSCB consist of a highly crystal-
lized pure argyrodite phase, indicating that, regardless of the
mixing of starting materials, a single phase of argyrodite can
be synthesized by the sintering/annealing process. Owing to the
high intensity and sensitivity of synchrotron X-ray, the s-XRD
pattern of BM-LPSCB (Figure 1c) exhibits much higher spec-
tral resolution than conventional XRD, once again confirming
slightly lower crystallinity compared to the sintered/annealed
ones. Nevertheless, no impurities can be identified in any of the
three electrolytes even under high-intensity synchrotron X-ray,
demonstrating the effectiveness of all three synthesis routes in
this study. Based on additional detailed crystallographic informa-
tion summarized in Tables S1-S3 (Supporting Information), all
three electrolytes share the same crystal structure. However, SEM
photos of the electrolyte powder (Figure 1e—g) have revealed dis-
tinct microstructure morphology among these electrolytes. SS-
LPSCB (Figure le) consists of particles with random shape and
size ranging from 1 pm to over 15 um. This could be resulted
from the composition undulation in the mixture introduced by
hand mixing, which triggered a rather random crystallization
during the subsequent sintering process. EDS mapping of the
hand-mixed starting materials of LPSCB electrolyte shown in
Figure S2 (Supporting Information) further confirms that man-
ual mixing processes cannot achieve an ideal uniformity in el-
emental distribution as compared to ball-milling. On the other
hand, BM-LPSCB has a more uniform morphology of secondary
particles aggregated by nano-sized primary particles (Figure 1f),
which is similar to other reported Li argyrodite glass-ceramic
electrolytes directly synthesized by ball milling. The repeated
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Figure 1. a) Schematic diagram illustrating the three synthesis routes of Li argyrodite electrolytes employed in this study. b—d) Synchrotron XRD patterns
and the corresponding Rietveld refinement result for SS-LPSCB, BM-LPSCB, and BMAN-LPSCB. e—g) SEM images of SS-LPSCB, BM-LPSCB, and BMAN-

LPSCB powders showing distinct microstructure morphology.

energy input during the ball milling process has promoted the
homogenization of composition as well as a considerable amount
of nanocrystalline nucleation. Surprisingly, after annealing, the
nanocrystallites in BM-LPSCB have grown into cubes with a
side length of ~#2 pm (Figure 1g). To the best of our knowledge,
this is the first report of a Li argyrodite electrolyte with a cube-
shaped microstructure morphology. It is deduced that a process
similar to grain growth occurred during annealing, where grain
boundaries between nanocrystallites were eliminated and several
small nanocrystallites grew into one large cubic phase argyrodite
crystallite.

Potentiostatic electrochemical impedance spectroscopy (PEIS)
was used to determine both the ionic conductivities and the
activation energies for Li-ion transport in all three electrolytes.
The electrolyte pellets for testing were obtained by cold press-
ing the powder in a mold. Figure 2a displays the Arrhenius
plots, and Figure 2b shows the Nyquist plots at 25 °C for
the electrolytes synthesized via different routes. The values
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of room temperature ionic conductivities (¢) are provided in
Figure 2d. The BM-LPSCB exhibits an ionic conductivity (o)
of 43 + 0.2 mS cm™!, which is significantly higher than that
of any glass-ceramic-type argyrodite electrolyte directly synthe-
sized by ball milling. Both sintered/annealed electrolytes ex-
hibit even higher ionic conductivities exceeding 10 mS cm™!
due to increased crystallinity. The exceptionally high ionic con-
ductivity of this type of argyrodite electrolyte is attributed to
the S2-/Cl~/Br~ disorder in the lattice.' Particularly, BMAN-
LPSCB has a higher ¢ of 14.1 + 0.1 mS cm™ compared to
SS-LPSCB (11.6 + 0.2 mS cm™'), indicating that the synthesis
route does have an influence on the ionic conductivity. The lower
ionic conductivity of BM-LPSCB (4.3 + 0.2 mS cm™!) should
stem from the poor crystallinity as well as the abundant grain
boundaries among nanocrystallites that hinder Li-ion transport.
Given that both SS-LPSCB and BMAN-LPSCB are well crystal-
lized, the differences in microstructure morphology are likely re-
sponsible for the variation in ionic conductivity. In the case of
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Figure 2. a) Arrhenius plots and b) Nyquist plots of LPSCB electrolytes synthesized via different routes, where the real-axis impedance is normalized
to the respective pellet thickness for better comparison. ¢) Current-voltage plot of LPSCB electrolytes synthesized via different routes during room
temperature DC polarization test. Electronic conductivities can be calculated by Ohm’s law. d) Comparison of room temperature electronic and ionic
conductivities of LPSCB electrolytes synthesized via different routes. The standard deviation of ionic conductivities was determined through testing three
series of samples, with detailed data summarized in Table S4 (Supporting Information). The standard deviation of electronic conductivities was derived

from the linear fitting results presented in (c).

SS-LPSCB, the randomness in particle size leads to numerous
defects such as voids and pores in cold-pressed pellets, which can
significantly affect Li-ion conduction. Conversely, the uniformly
sized cube-shaped grains in BMAN-LPSCB help form a denser
pellet by cold pressing (further discussed later in the article).
Moreover, Li-ion conduction is also accelerated in the cubic
grains due to the elimination of boundaries. These factors have
contributed to enhancing the ionic conductivity of BMAN-LPSCB
to 14.1 + 0.1 mS cm™!, making it one of the highest among cold-
pressed sulfide electrolytes. The activation energies for Li-ion
conduction in SS-, BM-, and BMAN-LPSCB are 0.31, 0.34, and
0.29 eV, respectively, which are calculated from the slope of Ar-
rhenius plots in Figure 2a. The Nyquist plots of these electrolytes
under various temperatures are summarized in Figure S3a—c
(Supporting Information). The DC polarization method was em-
ployed to determine the electronic conductivities of the argyrodite
electrolytes. Figure 2c depicts the current-voltage plots of all three
LPSCB electrolytes, and the electronic conductivities calculated
by Ohm’s Law are presented alongside the ionic conductivity
values in Figure 2d. Although a positive correlation can be ob-
served between the electronic and ionic conductivities of these
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LPSCB electrolytes, the difference in electronic conductivities is
negligible. The DC polarization curves under stepwise voltages
for LPSCB electrolytes are displayed in Figure S3d—e (Support-
ing Information).

Li symmetric cells were assembled with all three electrolytes to
evaluate their stability against Li. Long-term Li plating/stripping
tests under a moderate current density and cut-off capacity of
0.5 mA cm~2 / 0.5 mAh cm~2 were first performed. As shown
in Figure 3a, SS-LPSCB started with a low overpotential of 5 mV
at the early stage of the cycling owing to its high ionic conductiv-
ity. However, the onset of a short circuit, as indicated by a volt-
age drop, occurred after only 35 h. The short circuit failure is
further confirmed by the post-mortem EIS of the Li symmetric
cell shown in Figure 3d, since the overall resistance of the cell
drastically decreased after cycling. The Li|BM-LPSCB|Li cell cy-
cled for 1000 h without a short circuit (Figure 3b). Nevertheless,
its overpotential gradually increased from 18 to 29 mV during
the cycling. The evolution of EIS plots during cycling shown in
Figure 3e suggests that the interfacial resistance of the Li|BM-
LPSCBILi cell keeps growing larger. BMAN-LPSCB delivered the
best Li plating/stripping performance, with the overpotential in
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Figure 3. Voltage-time profiles of Li-Li symmetric cells with a) SS-LPSCB, b) BM-LPSCB and c) BMAN-LPSCB electrolytes cycled under a constant
current density and cut-off capacity of 0.5 mA cm=2 / 0.5 mAh cm~2 at room temperature. d—f) Evolution of Nyquist plots of Li-Li symmetric cells using

corresponding electrolytes during cycling.

Figure 3c remaining nearly constant throughout 1000 h of cycling
under the same conditions. The stability of this cell is further con-
firmed by the EIS plots shown in Figure 3f.

To better verify the difference of dendrite inhibiting ca-
pability between these LPSCB electrolytes, symmetric cells
were subjected to step-increased current densities to evaluate
their critical current densities (CCD). Results are compared
in Figure 4a. The CCD of SS-LPSCB and BM-LPSCB are 1.2
and 1.6 mA cm™2, respectively. In particular, BMAN-LPSCB
stands out with an exceptionally high CCD of 3.8 mA cm™.
This value is more than three times greater than that of SS-
LPSCB, despite their comparable ionic conductivities. The volt-
age profile acquired during the CCD test for BMAN-LPSCB
is shown in Figure 4b, while the profiles for SS- and BM-
LPSCB are plotted in Figure S4 (Supporting Information) in the
Supporting Information. In fact, the CCD of 3.8 mA cm™ is
one of the most outstanding among all reported sulfide elec-
trolytes, of which both the current density and cutoff capac-
ity were summarized and compared in Figure 4e and Table S6
(Supporting Information). The difference in stability against Li
becomes more significant when the current density and cut-off
capacity of the long-term Li plating/stripping test are increased
to 1 mA cm™ / 1 mAh cm~2. While LiBMAN-LPSCB|Li cell can
stably function for over 500 h (Figure 4c), short circuit occurred
after only 3 h and 15 h of cycling in SS- and BM-LPSCB, as in-
dicated by the sudden drop of overpotential shown in Figure S5
(Supporting Information). Since BMAN-LPSCB has such a high
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CCD, it was submitted to a Li symmetric cell long cycling test
with even more stringent conditions, of which the voltage profile
is demonstrated in Figure 4d. Remarkably, it withstood cycling
under 3 mA cm~2 / 3 mAh cm~? for over 150 h, which is a con-
dition close to practical application standards. The credibility of
the stable voltage profile is further supported by the EIS plots
of Li symmetric cells before and after cycling, which are sum-
marized in Figure S6 (Supporting Information). As both Li|SS-
LPSCBILi and Li|BM-LPSCB|Li is shorted because the imagi-
nary part of the impedance disappeared and the real part de-
creased to near zero, the EIS plot of LiiBMAN-LPSCB|Li stayed
intact after cycling despite a slightly increased overall impedance.
Figure 4f compares the reported Li symmetric cell performances
of sulfide Ses using bare Li metal as electrodes, highlighting
the superior stability against Li of the BMAN-LPSCB in this
work.

Considering that the chemical composition and the crystal
structure of SS- and BMAN-LPSCB are the same, and both their
ionic and electronic conductivities are similar, the significant dif-
ference in their stability against lithium remains puzzling. As
mentioned earlier, it is proposed that the microstructure mor-
phology of electrolyte will influence the quality of the pellets pre-
pared by cold pressing. The schematic illustration in Figure 5a
depicts the effect of the microstructure morphology of LPSCB
electrolytes on the capability to inhibit Li dendrites. Particles
of random sizes in SS-LPSCB will result in numerous volume
defects such as voids and pores in cold-pressed pellets, where
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Figure 4. a) Critical current densities of LPSCB electrolytes prepared via different routes. b) Galvanostatic cycling of Li—Li symmetric cells with BMAN-
LPSCB electrolyte at step-increased current densities with a step size of 0.2 mA cm™2 at room temperature. Voltage-time profiles of Li-Li symmetric
cells with BMAN-LPSCB electrolyte cycled under ¢) T mA cm™2 / 1 mAh cm~2, d) increasing current densities and capacities at room temperature. e)
Summary of reported critical current densities and corresponding cutoff capacities of sulfide SEs. Star marks indicate the values of electrolytes in this
work. f) Summary of reported Li—Li symmetric cell performances using sulfide SEs. The size of circle indicates the cutoff capacity per cycle.

Li dendrites can easily initiate and penetrate during cycling. In
contrast, the uniformly sized cube-shaped grains in BMAN-
LPSCB can be pressed into a denser pellet that inhibits den-
drite growth better. This assumption is supported by the cross-
sectional SEM images of SS- and BMAN-LPSCB cold-pressed
pellets shown in Figure 5b, Figures S7a,b and S5c (Supporting
Information). Large cracks and pores are present inside the SS-
LPSCB pellet, while no obvious defects are found in the BMAN-
LPSCB pellet. SEM images with lower magnification, as well as
images of the BM-LPSCB pellet, are included in Figure S8 (Sup-
porting Information). Some cracks in the BM-LPSCB pellet place
its quality between that of SS-LPSCB and BMAN-LPSCB, explain-
ing why BM-LPSCB exhibits symmetric cell performance better
than SS-LPSCB but poorer than BMAN-LPSCB. To quantitively
determine the porosity, we measured and calculated the rela-
tive densities of these cold-pressed pellets, and the results are
shown in Table S5 (Supporting Information). As expected, the
relative density of SS-LPSCB is only 80.2%, while those of BM-
and BMAN-LPSCB are 85.2% and 89.5%, respectively. This result
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aligns well with the observations from the cross-sectional SEM
images of the pellets. Furthermore, we utilized synchrotron XCT
to detect the pores inside SS- and BMAN-LPSCB pellets for better
visualization and comparison. The result once again demon-
strates that more pores exist in SS-LPSCB than in BMAN-LPSCB
(see Figure 5d,e,f,g). Post-mortem cross-sectional SEM images
of the cycled Li/electrolyte interface (Figure S9, Supporting In-
formation) further confirm how the porosity of the electrolyte
pellet affects short-circuit failure. The intrusion of lithium den-
drites into the electrolyte was clearly observed at the Li/SS-LPSCB
interface, whereas the Li/BMAN-LPSCB interface remained in-
tact. Our experimental analysis has revealed that the uniform
and cube-shaped microstructure morphology of BMAN-LPSCB
has led to a denser pellet after cold pressing, which not only
promotes Li-ion conduction to some extent but also greatly in-
hibits dendrites initiation. The huge difference in the Li sym-
metric cell performance of these LPSCB electrolytes also em-
phasizes that the majority of failures in ASSLMBs are related to
mechanics.

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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BMAN-LPSCB

Figure 5. a) Schematic of the Li/electrolyte interface with SS-LPSCB and BMAN-LPSCB. b) Cross-sectional SEM image of SS-LPSCB cold-pressed pellet.
3D volume rendered images from the synchrotron XCT of ¢) SS-LPSCB cold-pressed pellet with inside voids and d) voids only. e) Cross-sectional SEM
image of BMAN-LPSCB cold-pressed pellet. 3D volume rendered images from the synchrotron XCT of f) BMAN-LPSCB cold-pressed pellet with inside
voids and g) voids only. In 3D rendered images, grey represents the electrolyte part while red represents the voids.

Owing to its enhanced ionic conductivity and the reduced
defects in cold-pressed pellets, BMAN-LPSCB has enabled
prolonged cycling performances of Li/NCM all-solid-state
lithium metal batteries (ASSLMBs) under various C-rates at
room temperature. BMAN-LPSCB is used as both the solid elec-
trolyte layer and the solid electrolyte component in the composite
cathode. For cells tested under different C-rates, the initial cycles
were performed in C-rates that increased every three cycles from
0.1C (0.16 mA cm™2) to the target rate. While cycling under a low
rate of 0.2C (0.32 mA cm™2), the overlapped charge-discharge
curves throughout cycling in Figure 6a indicate the stable elec-
trochemical behavior of the cell. As shown in Figure 6b, the
cell delivered an initial discharge capacity of 152 mAh g=! and
maintained 86% of the capacity after 300 cycles. The average
Coulombic efficiency reaches as high as 99.9%, indicating
that the Li/BMAN-LPSCB interface is stable and dendrite-free.

Adv. Energy Mater. 2024, 2400783 2400783 (7 of 10)

Under a moderate current density of 0.5C (0.8 mA cm~2), charge-
discharge curves in Figure 6c¢ still demonstrate good reversibility,
despite an increased polarization caused by the elevated current
density. As depicted in Figure 6d, the cell exhibits an initial
discharge capacity of 111.4 mAh g=! under 0.5C, together with
a capacity retention of 94% after 700 cycles. Moreover, when
the current density was increased to 1 C (1.6 mA cm™?), a
remarkable capacity retention of 96% after 1000 cycles can be
achieved for the Li/BMAN-LPSCB/NCM ASSLMB (Figure 6e,f).
Likewise, the average Coulombic efficiency under 0.5C and 1C
are 99.92% and 99.95%, respectively. The durable long cycling
performance under high rates presented by the ASSLMB with
BMAN-LPSCB electrolyte further proves that a solid electrolyte
pellet with less porosity can endure higher current densities, thus
facilitating a more stable Li metal/electrolyte interface during
cycling.

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. The electrochemical performance of Li|BMAN-LPSCB|NCM83 ASSLMBs operating between 2.5-4.25 V at room temperature. a) The charge-
discharge curves of the first cycle at 0.1C (0.16 mA cm~2) and the following cycles at 0.2C (0.32 mA cm~2). b) The long cycling stability performance
at 0.2C rate. ) The charge-discharge curves of the first cycle at 0.1C and the following cycles at 0.5C (0.8 mA cm~2). d) The long cycling stability
performance at 0.5C rate. e) The charge-discharge curves of the first cycle at 0.1C and the following cycles at 1C. f) The long cycling stability performance

at 1C (1.6 mA cm™2) rate.

3. Conclusion

In summary, the impact of synthesis routes on the crystal
structure, microstructure morphology, ionic/electronic conduc-
tivity, and electrochemical performance of Li argyrodite elec-
trolyte Lis;PS,;ClBr,, was investigated. Either solid-state sin-
tering, high-speed mechanical milling or high-speed mechanical
milling followed by annealing can successfully synthesize pure-
phase LPSCB with the same crystal structure. However, different
synthesis routes do have a significant impact on the microstruc-
ture morphology of the argyrodite electrolyte, which is proved
to eventually lead to contrasting electrochemical performance.
Well-crystallized SS-LPSCB electrolytes with random particle
sizes can be synthesized by directly sintering the hand-mixed
starting materials. High-speed mechanical milling can synthe-
size partially crystallized glass-ceramic BM-LPSCB that contains
nanocrystallites, which will grow into unique cube-shaped crys-
tallites with a side length of ~2 um during the post-annealing

Adv. Energy Mater. 2024, 2400783 2400783 (8 of 10)

process (BMAN-LPSCB). As confirmed by both cross-sectional
SEM images and synchrotron XCT visualization, the random-
ness of particle size of SS-LPSCB can lead to numerous pores and
cracks in the cold-pressed pellet, while BMAN-LPSCB with a uni-
form cube-shaped microstructure morphology can form a denser
pellet with less porosity. The elimination of volume defects in-
side the BMAN-LPSCB pellet can lead to not only a boosted cold-
pressed ionic conductivity of 14.1 + 0.1 mS cm™ but also a su-
perior Li dendrites inhibiting capability. The Li| BMAN-LPSCB|Li
cell can perform Li plating/stripping stably under extreme cur-
rent density and cutoff capacity of 3 mA cm™2 / 3 mAh cm™
over 150 h. The all-solid-state lithium metal battery with BMAN-
LPSCB as electrolyte layer achieves a remarkable capacity re-
tention of 96% after 1000 cycles under 1C rate. While most
of the previous research focused on enhancing the conductiv-
ity or electrochemical stability of sulfide electrolytes, this work
has brought new perspectives that the microstructure morphol-
ogy of sulfide electrolytes, which can be affected by synthesis

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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protocals, plays a critical role in the mechanical failure of all-solid-
state batteries.

4. Experimental Section

Solid Electrolyte Synthesis: Three different types of Lis 3PS, ;ClBrg
(LPSCB) solid electrolytes in this work were prepared via three different
routes. For the solid-state sintering method, stoichiometric Li,S (99.98%,
Alfa Aesar), P,Ss (99.9%, Alfa Aesar), LiCl (99.9%, anhydrous, Sigma-
Aldrich), and LiBr (99.9%, anhydrous, Alfa Aesar) were placed in a mortar
and mixed by hand using a pestle for 30 min. The powder mixture was then
pressed into pellets under 240 MPa and submitted to sintering at 450 °C
for 5 h in a vacuum to yield the SS-LPSCB. The BM-LPSCB was synthe-
sized by mechanical ball-milling the same starting materials at 750 rpm
for 10 h using a PULVERISETTE 7 premium line ball-milling apparatus
(Fritsch). To be specific, 1 g of stoichiometric Li,S, P,S, LiCl, and LiBr
were placed in a 45 mL zirconia pot with 25 zirconia balls (5 mm in diam-
eter). The as-milled powder obtained from the ball milling process (BM-
LPSCB) was further pressed into pellets under 240 MPa and annealed at
450 °C for 5 h in a vacuum to yield the BMAN-LPSCB electrolyte. All pro-
cesses were conducted in an argon-filled glove box with O, and H,0 < 0.1
ppm.

Characterization Methods: Lab-based powder X-ray diffraction (XRD)
was measured on Bruker AXS D8 Advance instrument with Cu Ka radia-
tion (4 = 1.5406 A) in a 20 range from 10° to 90°. Powders were kept in
a zero-background sample holder covered by Kapton film to avoid air and
moisture exposure during XRD pattern collecting. Synchrotron-based XRD
pattern was collected using the Brockhouse X-ray Diffraction and Scatter-
ing (BXDS) beamlines at the Canadian Light Source (CLS) with a wave-
length of 0.3497 A. The samples were loaded into 0.8 mm inner diame-
ter polyimide capillaries and sealed with epoxy in an Ar-filled glove box.
Rietveld refinement of synchrotron-XRD data was carried out using the
GSAS-Il program.[?°]

Raman spectra were measured on a HORIBA Scientific LabRAM HR Ra-
man spectrometer operated under a laser beam at 532 nm. A powder of
sulfide electrolytes was attached to a carbon tape and covered by a trans-
parent cover glass for the test. Scanning electron microscope (SEM) im-
ages were captured by a Hitachi S-4800 field-emission scanning electron
microscope (FE-SEM, acceleration voltage 5 kV) equipped with energy dis-
persive spectroscopy (EDS).

Synchrotron X-ray computed tomography was carried out at the
Biomedical Imaging and Therapy Facility (BMIT) 05B1-1 beamline at
the Canadian Light Source (CLS). The tomogram was captured at a
monochromatic beam energy of 55 keV with a voxel size of 1.44 um. The
distance between the sample and the detector was set to 0.06 m.

lonic and Electronic Conductivity Test:  For the ionic and electronic con-
ductivity test, solid electrolyte powders were pressed into pellets in model
cells under ~360 MPa for 2 min using two stainless-steel rods as block-
ing electrodes. Carbon black of 5 mg was evenly spread on both sides
of the electrolyte pellet to ensure good contact. lonic conductivity of
the electrolyte was calculated by measuring the bulk resistance of the
electrolyte pellet using potentiostatic electrochemical impedance spec-
troscopy (PEIS) on a versatile multichannel potentialstation 3/Z (BioLogic
VMP3), in the frequency range of 7 MHz to 100 mHz with an amplitude of
20 mV. The measurements were carried out at temperatures between 25
to 70 °C. The electronic conductivity of solid electrolytes was determined
by the DC polarization method. The applied voltage was varied from 0.1
to 0.5 Vin increments of 0.1V, and each voltage step had a lapse time of
5000 s.

Cell Assembly and Electrochemical Measurements—Li-Li Symmetric Cells:
Electrolyte powder of 150 mg was pressed under 360 MPa for 2 min. Then
two pieces of lithium metal were pressed onto both sides of the elec-
trolyte layer under 50 MPa for 1 min. An external pressure of 20 MPa
was applied during testing. Critical current density (CCD) test and long-
time Li plating/stripping measurements at different current densities un-
der room temperature were conducted on LAND-CT3001A battery test
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systems (Wuhan Rambo Testing Equipment Co., Ltd.). Electrochemical
impedance spectroscopy (EIS) of the Li-Li symmetric cells before and af-
ter cycling was conducted using a versatile multichannel potentialstation
3/Z (BioLogic VMP3) within the frequency range of 7 to 100 MHz and an
amplitude of 20 mV.

Cell Assembly and Electrochemical Measurements—Li-NCM ASSLMBs:
Composite cathode was prepared by hand mixing Zr-F dual doped
LiNig g3C€00.12Mng 950, (NCM83) cathode and BMAN-LPSCB electrolyte
(mass ratio = 7: 3) in a mortar for 30 min. The preparation of Zr-F
dual doped NCM83 cathode can be found in author’s previous work.[3!
ASSLMBs were assembled in a ceramic model cell with a diameter of
10 mm. First, 120 mg of electrolyte powder was pressed under 360 MPa for
2 min to form an electrolyte layer. Then 10 mg of the composite cathode
(corresponding to mass loading of 8.92 mg cm~2) was uniformly spread
on one side of the electrolyte layer and pressed under 360 MPa for 3 min.
Finally, a Li metal foil of 100 um was attached on the anode side and fur-
ther pressed under 50 MPa for 1 min. The three-layer pellet cell was sand-
wiched between two stainless-steel rods as current collectors and sealed
in the model cell. An external pressure of 20 MPa was applied during test-
ing. Galvanostatic charge—discharge tests were performed on a NEWARE
CT-4008 battery test system in a voltage range of 2.5-4.25 V versus Li/Li*
under different rates at room temperature.
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Supporting Information is available from the Wiley Online Library or from
the author.
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